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We report the experimental study of the temperature-dependence of the longitudinal spin relax-
ation time T1 of single Nitrogen-Vacancy (NV) centers hosted in nanodiamonds. To determine the
relaxation mechanisms at stake, measurements of the T1 relaxation time are performed for a set of
individual NV centers both at room and cryogenic temperatures. The results are consistant with
a temperature-dependent relaxation process which is attributed to a thermally-activated magnetic
noise produced by paramagnetic impurities lying on the nanodiamond surface. These results con-
firm the existence of surface-induced spin relaxation processes occurring in nanodiamonds, which
are relevant for future developments of sensitive nanoscale NV-based quantum sensors.
PACS numbers: 76.30.Mi, 07.55.Ge, 81.05.uj
The development of the Nitrogen-Vacancy (NV) center
in diamond as a quantum sensor has triggered numerous
applications, from imaging magnetism at the nanoscale1
to nuclear magnetic resonance on small spin ensembles
and proteins2–4. In that context, spin relaxation times of
these quantum sensors play a central role. Besides set-
ting an intrinsic limit to the sensor sensitivity, variations
of the spin relaxation properties can also be exploited
for noise sensing at the nanoscale5. For instance, mea-
surements of the longitudinal spin relaxation time T1 can
be used for studying conduction in metals6,7, noise spec-
troscopy in 2D systems8, and magnetic resonance9–12.
Identifying and understanding the parameters impact-
ing the T1 relaxation time is therefore essential for NV-
based sensing technologies. For NV centers isolated in
bulk diamond, phononic induced spin-lattice relaxation
has been highlighted as the dominant process that limits
the value of T1 at room temperature13–15. At the same
time, cross-relaxation due to the coupling with ancillary
spins species13,16, as well as the influence of electric and
magnetic field noises13,17,18, also need to be taken into
account. Conversely, NV centers close to a diamond sur-
face, i.e. both in nanodiamonds and shallow in bulk, have
T1-times that are orders of magnitude shorter than those
measured in bulk, thus introducing a stringent limit to
their application for quantum sensing. Hence, numerous
recent studies have addressed the physical mechanisms at
the origin of the short T1-time observed for NV centers
under these conditions18–22.
In the case of NV centers in nanodiamonds, it has been
shown that the T1-time strongly depends on the size of
the host nanodiamond17. These results highlighted the
impact of surface-related noise on the relaxation time,
which has been attributed to magnetic fluctuations in-
duced by dipolar coupling between paramagnetic impuri-
ties lying on the nanodiamond surface. Since such dipolar
interaction is expected to be temperature independent,
experiments performed at cryogenic temperature should
not yield an improvement of the T1-time of NV centers
in nanodiamonds, conversely to what is observed for NV
centers in a bulk diamond13–15. To verify this hypoth-
esis, we investigate the effect of temperature on the T1
relaxation time of single NV centers hosted in nanodi-
amonds. This work provides new insights on surface-
induced spin relaxation processes occurring in nanodi-
amonds, which are relevant for future developments of
sensitive nanoscale NV-based quantum sensors23–25.
To investigate the T1-time of single NV centers, a so-
lution of electron-irradiated type-Ib diamond nanocrys-
tals25 (50-nm average size) was spin-coated on a quartz
coverslip. To ensure the reproducibility of the experi-
ment, a golden grid was patterned on the coverslip prior
to the deposition of the nanodiamonds, allowing the
identification of each nanodiamond location [Fig. 1(a)].
The NV center optical properties are addressed using
a customized confocal microscope. A Hanbury Brown
and Twiss interferometer is used to record the statis-
tics of photon correlations and unambiguously identify
nanodiamonds hosting a single NV defect (upper inset
of Fig. 1(a)). Only such nanodiamonds are used in the
present study to avoid ensemble averaging effects17.
For an identified single NV center in a given nanodia-
mond, we measure the relaxation rate Γ1 = 1/T1 between
thems = 0 andms = ±1 spin sublevels [Fig. 1(b)]. Using
a continuous wave 532-nm laser excitation, then chopped
in pulses using an acousto-optic modulator, the measure-
ment is performed with the pulse sequence shown in the
inset of Fig. 1(c). The NV center is initially polarized
into the ms = 0 state by an optical pulse of 3 µs dura-
tion. Using a second optical pulse, the spin state is then
read out, after a variable dark time of duration τ , caus-
ing the system to decay into a mixture of ms = 0,+1
and −1 spin sublevels. The collected photoluminescence
signal as a function of the parameter τ exhibits an expo-
nential decay with a characteristic time corresponding to
the relaxation time T117. A typical experiment done at
298 K for a single NV defect hosted in a nanodiamond of
10 nm size is shown in Fig. 1(c) (red circles). An expo-
nential fit leads to the value TRT1 = 82.7±6.6 µs, at room
temperature. This result is in agreement with expected
values for NV centers in nanodiamonds17,23, and is orders
of magnitude smaller than the typical value measured for
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FIG. 1. (a) Experimental apparatus. A scanning confocal
microscope is used to identify single NV centers in nanodia-
monds which are deposited on a quartz coverslip patterned
with a golden grid. A typical photoluminescence raster scan
of the sample is shown in the lower inset, where the red cir-
cle indicate a single NV center. The unicity of the emitter
is verified by measuring the second-order correlation function
g(2)(τ). As shown in the upper inset, g(2)(0) < 0.5 is the
signature of a single quantum emitter. (b) Simplified energy-
level structure of the NV defect. (c) Typical T1-time measure-
ment at room temperature. The solid line is an exponential
fit, which yields TRT1 = 82.6 ± 6.6 µs. The inset presents the
experimental pulse sequence.
NV centers in bulk diamond. To record the temperature
dependence of the T1-time, the experimental apparatus is
inserted in a cryostat (Attocube) designed to reach cryo-
genic temperature, using helium as an exchange gas at a
pressure of about 50 mbar. The patterned grid is used to
measure the T1-time on the same NV center previously
studied at room temperature. Measurements performed
for the same NV defect at 298 K and 4 K are shown in
Fig. 2(a). At low temperature, we observe that the T1
relaxation time increases to 137±37 µs, significally above
the error bars. The difference between the measurements
performed at room and liquid-helium temperatures thus
reveals the existence of thermally activated mechanisms
on the NV spin relaxation rate.
To confirm this effect, we then measure the variation
of the T1-time with temperature for a set of about thirty
individual NV centers. Figure 2(b) shows the relaxation
rate ΓLT1 of the NV centers at low temperature as a func-
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FIG. 2. (a) Spin relaxation rate measurements for the same
single NV center at room (298 K, red) and cryogenic temper-
ature (4 K, blue). The solid lines are exponential fits that
yield TRT1 = 82.6 ± 6.6 µs and TLT1 = 137 ± 37 µs. (b) Spin
relaxation rate Γ1 = 1/T1 at cryogenic temperature (4 K) as
a function of the measured relaxation rate at room tempera-
ture (298 K) for the same point defect, measurement done on
a set of thirty-one NV centers in distinct nanodiamonds. The
correlation between the two parameters is plotted in a log-log
scale. The error bars are extracted from the relaxation rate
fit uncertainties. The red point corresponds to the NV cen-
ter which behavior is reported in Fig. 3. A linear fit (solid
black line) gives the ratio ΓRT1 /ΓLT1 = 0.41 ± 0.1, from which
we extract an average activation temperature of 3.8 ± 1.1 K,
following the model developed in the main text.
tion of the relaxation rate ΓRT1 at room temperature.
First, we note that the room-temperature relaxation rate
ΓRT1 spreads over more than two orders of magnitude.
This is due to the size distribution of the nanodiamonds,
which are measured from ≈ 10 to 70 nm using an atomic
force microscope. As shown in reference [17], the nan-
odiamond size indeed impacts the distance of the NV
center to the surface, and, consequently, the strength of
surface-related magnetic noise. Thus, shortest values of
ΓRT1 are observed for the largest nanodiamonds. Second,
while decreasing the temperature, we observe a decrease
of Γ1 for most of the nanodiamonds, regardless of their
size. To get a trend of this effect, we use a linear fit (solid
black line in figure 2(b)) and estimate the average ratio
3ΓRT1 /Γ
LT
1 = 0.41 ± 0.1. Since this ratio is smaller than
unity, these measurements give evidence for the existence
of temperature-dependent relaxation processes that can-
not be neglected. Finally, we also observe that the in-
crease of the T1-time seen by cooling the nanodiamonds
is very moderate compared to the one observed in bulk di-
amond, even for shallow NV centers located at a distance
less than 10 nm from the crystal surface. Indeed, relax-
ation times of the order of hundreds of milliseconds have
been measured at cryogenic temperature13,19,21. These
values are far greater than those measured for NV centers
in nanodiamonds, such as the ones shown in figure 2(b).
To model the temperature dependence of the T1-time,
we assume that the decay between the population of the
spin sublevels ms = 0 and ms = ±1 is still induced by
magnetic noise generated by paramagnetic impurities on
the surface of the nanodiamond. We model this noise as a
random magnetic field, which is created by an ensemble
of fluctuating spins with a Lorentzian spectral density.
We then introduce the correlation time τc, which corre-
sponds, in the case of magnetic noise generated by a spin
bath, to the typical reversal time of the spins17,19,21. The
relaxation rate of the NV center, at its electron spin res-
onance frequency ω0/(2pi) ≈ 2.87 GHz, then reads17,19,21
Γ1 =
1
T1
= ∆
τ−1c
τ−2c + ω20
, (1)
where ∆ represents the strength of the interaction be-
tween the spin bath and the NV center. This pa-
rameter is proportional to the magnetic noise at the
NV center location, which drastically depends on the
NV position inside the nanodiamond17. We then con-
sider two contributions in the parameter τc: a dipo-
lar component, associated with a fluctuation rate Rdip,
due to intra-bath coupling between fluctuating magnetic
dipoles, and a temperature-dependent component, asso-
ciated with a fluctuation rate RT . We can thus write
τ−1c = RT + Rdip, where the dipolar component Rdip is
temperature-independent.
To investigate the relative contribution of these two
components, we then studied the T1 relaxation time of a
typical NV center in a nanodiamond as a function of the
temperature T . To this end, we used a resistive heater
placed below the sample holder [Fig. 1(a)] to control the
sample temperature between 4 K and ∼ 50 K. Figure 3
shows the measured relaxation rate Γ1 as a function of
the temperature. We do not observe a saturation of the
Γ1 relaxation rate at the lowest temperature that can be
reached using our cryogenic setup. This behavior indi-
cates that, even at 4 K, relaxation is still dominated by a
temperature-dependent process. We thus conclude that
the magnetic noise component induced by the intra-bath
coupling between fluctuating magnetic dipoles on the di-
amond surface is negligible for the whole range of investi-
gated temperatures. As a result, we rewrite the correla-
tion time as τ−1c ≈ RT . In addition, given the saturation
of the relaxation rate at high temperature (Fig. 3), we
postulate a simple model of a thermally activated fluctu-
ation rate corresponding to RT (T ) = R∞ exp (−Ta/T ),
with Ta the activation temperature of the process, and
R∞ the fluctuation rate at high temperature. This model
thus leads to
Γ1 =
1
T1
≈ ∆ R∞e
−Ta/T(
R∞e−Ta/T
)2
+ ω20
. (2)
This equation is then used to fit the data shown in
figure 3. By evaluating the convergence of the fit, we ob-
serve that R∞ and ∆ are strongly correlated and cannot
be determined independently. However, R∞ is required
to be at least one order of magnitude smaller than ω0.
As a result, we can assume, for the whole range of tem-
peratures studied, that the relaxation rate can be written
as
Γ1 ≈ Γ∞e−Ta/T , (3)
where Γ∞ = (∆R∞)/ω20 represents the relaxation rate
at high temperature. Finally, weighting the data by their
uncertainties, the fit by the equation (3) gives an estimate
of the activation temperature for this given NV center to
be Ta = 6.0± 1.2 K.
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FIG. 3. Relaxation rate of a single NV center in a 20-nm
nanodiamond as a function of the temperature, plotted in
log-log scale. The solid black line represents a fit following
equation (3), the data being weighted by their uncertainties.
We extract an activation temperature of Ta = 6.0±1.2 K and
a high temperature relaxation rate of Γ∞ = (17±2) ·103 s−1.
Based on this result, we discuss the pertinence of this
model for the whole set of single NV centers. To do
so, we assume that all nanodiamonds have identical sur-
face states. Thus, the observed spread in the Γ1 relax-
ation rate which is observed in figure 2(b), is ascribed
to a change in the temperature-independent interaction
strength ∆, determined by the NV-to-surface distance.
Also, we consider the activation temperature Ta to be
4the same for all the nanodiamonds. Finally, given the
equation (3), we can rewrite the ratio between the rates
at low and room temperatures as
ΓRT1 /Γ
LT
1 = exp
(
Ta
TRT
− Ta
TLT
)
. (4)
From the data and the linear fit shown in figure 2(b),
we thus determine an activation temperature of 3.8 ±
1.1 K. This result, averaged over a set of 31 single NV
centers, is in good agreement with the estimated ac-
tivation temperature determined in figure 3 from the
temperature-dependent Γ1 rate measured for a single NV
center. Beyond validating the model that we introduced
to explain the relaxation of NV centers in nanodiamonds,
these results provide a typical energy scale of surface-
related magnetic fluctuations in nanodiamonds.
Although the model cannot provide a conclusive proof
of the mechanisms at stake for the NV spin relaxation,
their dependence on the nanodiamond size and tempera-
ture allows drawing a few hypotheses. Even at the lowest
temperature studied, the measured T1-time in nanodi-
amonds remains still orders of magnitude smaller than
the one measured in bulk diamond. Therefore, a direct
phonon process appears unlikely to be the dominant re-
laxation mechanism. More likely, the paramagnetic im-
purities on the diamond surface impact the relaxation
of the NV defect through the generation of fluctuating
magnetic fields. As previously discussed, a pure dipo-
lar coupling of these paramagnetic impurities is expected
to be temperature-independent contrary to the experi-
mental behavior. Alternatively, spin fluctuations of the
surface paramagnetic impurities due to intrinsic vibra-
tions of their degrees of freedom can account for gen-
erating random magnetic fields, this mechanism being
temperature-dependent.
In conclusion, we measured the T1-time of single NV
centers in nanodiamonds at both cryogenic and room
temperatures. We demonstrated that this relaxation
time has a non-negligible temperature-dependent compo-
nent, although weak compared to the measurements pre-
viously done for NV centers in bulk diamond. We show
that a simple activation model describes the temperature
behavior with an activation temperature of a few kelvins.
We attribute this effect to the vibrational relaxation com-
ponent of a bath of paramagnetic impurities lying on the
nanodiamond surface. Decreasing further the temper-
ature15 could unveil other relaxation sources, and pro-
vide clues on the actual weight of dipolar relaxation pro-
cesses, by finally accessing a temperature regime where
the relaxation rate becomes temperature independent.
Besides, it would be interesting to extend the present
work to study of the effect of nanodiamond surface termi-
nation26 and of electric field noise27 on the temperature
dependence of the longitudinal relaxation of NV centers.
Similarly, in nanodiamonds produced by chemical vapor
deposition, which present an improved surface quality28,
the study of the NV center relaxation mechanisms could
provide essential insights. Bringing a new understanding
of the spin relaxation processes at stake for NV centers
in nanodiamonds, our work opens the way to a better
understanding of the origin of diamond surface impuri-
ties. Ultimately, the influence of these impurities on the
relaxation could be reduced using surface cleaning tech-
niques29 or could be compensated using quantum control
protocols30.
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